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Abstract 
To increase energy density in order to meet increasing electricity demands, increasingly large-scale designs for wind turbines 
have been developed. Wind turbine towers of larger sizes can generate more electricity, but such large sizes also create higher 
costs in terms of development and maintenance. The present research sets up a wind turbine tower model, wherein the loads of 
towers are calculated by their relation to wind speed. The finite element method is used to analyze the stress distribution of 
towers under these loads. Impacts from different loads are compared as well. The wind speed distribution is derived from data 
collected in Penghu, Taiwan using statistical methods. Fatigue analysis of towers is then conducted using fatigue loads and wind 
speed distribution, and the mean time to failure (MTTF) of towers is calculated with quantitative reliability theory. The results 
show that the main loads of towers are the wind force acting on the rotation area of wind turbine blades and the moment caused 
by non-uniform wind speed. After comparing this research finding with loads calculated by a wind turbine design software, it is 
concluded that it is a feasible and conservative method to analyze a wind turbine tower structure with the loads calculated by its 
relation to wind speed. In addition, it is shown that both the average and maximum hourly wind speeds in Penghu can be fitted 
into Weibull distribution. In conclusion, the fatigue analysis shows that the probability is greater than 99.8% for the tower 
model’s failure time to be above 331,416 cycles, and it further shows that the tower model in this research possesses appropriate 
fatigue durability and is considered a safe tower design for Penghu. 
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1. Introduction 
Owing to growing environmental concerns over the global warming caused by the greenhouse effect, the 
development of renewable energy to reduce undesired gas emissions has become an important issue worldwide. 
Among the various forms of renewable energy, one promising type is wind power, which is widely considered as the 
most feasible form of renewable energy in Taiwan because of the island’s windy environment. To increase energy 
density in order to meet the demand of electricity use, wind turbines have been developed toward large-scale designs. 
Under this trend, the structural safety of wind turbine towers will be an important issue to solve. To this end, the 
present study investigated the structural responses and the reliability of a 5 MW wind turbine tower subjected to 
static and fatigue loads. The finite element method was used to analyze the stress and displacement distributions of 
the tower under the loads. In addition, with quantitative reliability theory, a fatigue analysis of the tower was 
conducted, and the mean time to failure (MTTF) of the tower was evaluated. 
2. Load analysis of wind turbine tower  
The specifications for the wind turbine considered in the present study were described by Xie et al. [1]. The 
geometric dimensions and material properties of the tower are shown in Fig. 1 and listed in Table 1, respectively. 
The boundary condition between tower base and ground was set to be fixed to avoid separation and slippage. The 
loads applying to the top of tower come from the weight itself as well as the forces and moments resulting from the 
wind acting on the surfaces of the turbine blades. The loads can be resolved into x-y-z directions as shown in Fig. 2. 
All six of the force and moment values can be expressed in the following equations [2].  
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where Cp is the coefficient of wind energy, r is the radius of the blade, ¥ is the angle between the wind direction 
and the normal line of blades, ¨ is the mechanical efficiency, ¹ is the angular velocity of the blade, ² is the air 
density, U is the wind speed, e is the eccentricity; XTF , YTF , and ZTF  are the forces coming from the action of wind 
on the blades, namely, the turning forces due to changes of wind direction and in the weights of the nacelle and 
blades, respectively; XTM , YTM , and ZTM  are the moment of rotation, moment being caused by non-uniform wind 
speed, and the turning moment, respectively. Under the assumptions that the center of gravity of the nacelle and 
blades  falls on the central line of the tower, and that the normal line direction of the blades coincides with the wind 
direction, YTF  and ZTM  can be neglected.   
With appropriate value settings to the parameters above provided by Vorpahl et al. [3], and through the above 
equations, XTF , ZTF , XTM , and YTM  were calculated as 2,733 kN, 1,962 kN, 3,552 kN m , and 9,587 kN m , 
respectively, when Uhub is 25 m/s. These calculated results are reasonable according to the aforementioned study by 
Xie et al. [1]. Furthermore, with these results as input loadings to finite element (FE) software ANSYS and 
performing the FE analysis, the maximum total displacement occurring in the x direction was calculated to be 2.401 
m and the maximum von-Mises stress which occurs near the tower root was 300 MPa. These two values are both 
higher than those proposed by Xie et al. [1], indicating that our analysis approach provides a conservative solution, 
however, which can still be valuable for reference as high safety in wind turbine construction is required. 
220   Yao Hsu et al. /  Procedia Engineering  79 ( 2014 )  218 – 224 
                                        
 
 
Fig. 1. Schematic diagram of wind turbine tower [1]                                  Fig. 2. Coordinate system of wind turbine tower 
 
Table 1 Material property of wind turbine tower 
Material Steel 
Modulus of Elasticity 210 GPa 
Density 7.7 g/cm3 
Poisson’s Ratio 0.29 
Ultimate Tensile Strength 460 MPa 
 
3. Probability model of wind speed  
Besides the static load analysis on the wind turbine tower, the present study also evaluated the behavior of the 
tower and its fatigue life when subjected to repetitive loads caused by wind. Therefore, we had to have the 
probability model of the wind speed first. In this research, the model was established by statistical methods and by 
reference to the wind speed data collected in Penghu County in Taiwan. 
3.1. Weibull probability density function 
In the field of wind engineering, the two-parameter Weibull distribution is widely used by many researchers, 
such as Chang et al. [4], and is expressed as: 
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in which U  is the wind speed, β is the shape parameter and θ is the scale parameter. 
3.2. Vertical distribution of wind speed 
In 1916, Hellman used the power law to describe the wind speed distribution with varying heights. The wind 
speed increases as height increases. When height reaches a threshold called the gradient height, the wind speed will 
remain constant and be uniformly distributed above the gradient height. The wind speed at the moment is named the 
gradient velocity. Below this velocity, the relation of wind speed and height is shown as: 
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where Uzg is the gradient velocity, Uz  is the wind speed at height z , zg  is the gradient height, and α is a coefficient 
related to ground condition and was set to be 0.26 in this study.  
3.3. Distribution of mean wind speed 
In this study, the wind speed data came from the Data Bank Atmospheric Research (DBAR), which contains 
43,824 hourly wind speeds observed between 2006 and 2010 in Penghu County in Taiwan [5]. The hourly mean 
wind speed Umean is defined as the mean of wind speed in the first ten-minute interval at the time when measuring 
and recording the data. It should be mentioned that the data were observed and collected at the altitude of 10 m. The 
study used the Weibull++7 statistical analysis software to distribute the data into the two-parameter Weibull 
probability density function with goodness-of-fit test. Under the significance level of 0.05, the shape and scale 
parameter in the Weibull probability model are 1.6396 and 4.5598, respectively. The obtained function is expressed 
in Eq. (9) and its corresponding distribution is depicted in Fig. 3.     
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4. Fatigue analysis of wind turbine tower 
Fatigue is known as one of the important factors leading to structural damage, so it should be given extra 
attention when designing a structure for the sake of safety. Since winds always blow repetitively and their velocities 
change with time, wind loads can be regarded as fatigue loadings. This study sampled 1,000 wind speeds from the 
established probability model of wind speed and then transferred them into 1,000 loads acting on the wind turbine 
tower through Eqs. (1)~(6). Afterwards, with these loads as input data, the fatigue responses and fatigue lives of the 
tower were analyzed by using ANSYS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Weibull probability density function for hourly mean wind speed 
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4.1. Fatigue load setting 
Wind turbine towers are made of steel, and they were considered as isotropic structures in the present study. The 
material properties of steel in the FE analysis are provided by ANSYS. During the process of analysis, it should be 
noted that when the fatigue life N of the material was more than 106 cycles, the material was considered to be non-
fracture in the present study. In our study case, the fatigue load stress was 8.62×107 Pa, corresponding to the fatigue 
life of 106 cycles, which means that when the fatigue loading is less than 8.62×107 Pa, the fatigue life will be longer 
than 106 cycles. In addition, the fatigue loading was imposed on the structure in the form of constant-amplitude with 
zero base, and Goodman theory was used to modify the fatigue life in this research.  
4.2. Modification  of  fatigue load 
In consideration of wind turbine safety, when the wind speed in the hub center Uhub of the blades is bigger than 
the cut-out wind speed (which was 25 m/s for the wind turbine studied herein), the wind turbine will usually be 
forced to stop running. In the meantime, the loads on the wind turbine towers such as XTF  and YTM would start to 
decrease because the blades stop rotating. Therefore, modification of these two loads is necessary. When Umean is 
13.93 m/s, Uhub will reach the cut-out wind speed in this study. Moreover, since YTM  is quite small in comparison 
with XTF , YTM  is directly modified to zero in the present study. The final relation diagrams of  XTF  and Umean, as 
well as of YTM and Umean , are shown in Fig. 4 and Fig. 5. 
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Fig. 4. Relation of 
XTF  and Umean 
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Fig. 5. Relation of 
YTM  and Umean 
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Fig. 6. Relation of fatigue life and hourly mean wind speed 
 
4.3. Fatigue life and mean time to failure 
With an initial sample size of 1,000 wind speeds, 1,000 fatigue lives N for the wind turbine tower can eventually 
be obtained by FE simulation through the analysis procedure described above. The simulated fatigue lives related to 
corresponding Umean are shown in Fig. 6. Among these 1,000 fatigue lives, data for only 82 fatigue lives were 
screened out to be used for subsequent analysis. The large majority of the other 918 fatigue lives were not used 
because their values were more than 106 cycles. After using Weibull++7 software to conduct the goodness-of-fit test, 
it was found that the data for the 82 fatigue lives were best fitted by the three-parameter Weibull probability model 
whose form is as shown in Eq. (10), 
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where N0  is the location parameter.  MTTF can then be obtained from Eq. (11). 
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In this analysis, N0  is 2,899, β is 0.7405 and θ is 2.7307ͪ105. MTTF is therefore 331,416 cycles that is equivalent 
to 37.8 years. 
5. Concluding remarks  
The present study constructed a FE model for a 5 MW wind turbine tower and investigated its structural 
responses under static and fatigue loads. In the static case, the numerical results from our FE analysis were shown to 
be correct by comparison with those calculated by specifically-designed wind turbine software GH Bladed. In the 
fatigue analysis, with the wind speed distribution and statistical method, MTTF of the wind turbine tower can be 
obtained. It should be noted that in this paper, for simplicity, it was assumed that the wind turbine tower was 
subjected to constant-amplitude wind loadings resulting from a generated wind speed. A sample of 1,000 was thus 
collected. The sample values of these wind speeds, loadings, and fatigue lives thus calculated may reflect those that 
can be found in more rigorous manners based on more advanced random theories. From the results of this study, 
several conclusions can be drawn: 
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1. For static loads, when comparing our results, such as maximum displacement and maximum stress, with those 
calculated by the wind turbine software, it can be indicated that the analysis approach based on the relation of 
loads and wind speeds proposed in the study is viable and conservative for analyzing the tower structure. 
2. The majority of loads existing on the tower are the wind forces acting on the rotational area of the wind turbine 
blades, and the moments resulting from the non-uniform wind speed. 
3. Weibull distribution is found to best fit both the average and maximum hourly wind speeds in Penghu County in 
Taiwan. 
4. The probability can be up to 99.8% when the tower’s failure time is more than 331,416 cycles. It suggests that 
the tower model in this research has adequate fatigue durability and is considered a safe tower design in the 
present study.   
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